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ABSTRACT 


At' Voyager 1 moved out of the davmslde of the Earth's magnetosphere 
at 1634 UT on September 5, 1977 ^at position (-2.6, -16.5, 1.1) earth 
radii in CSeJ , it crossed the magnetopause apparently seven times, 
despite the high spacecraft speed of 11 km/sec. Normals to the magne- 
topause and their associated error cones were estimated for each of the 
cruHHlngti using n minimum vai'lanco /inalysiH of the internal mngn<>tie 
field. The oscillating nature of the ecliptic plane component of these 
normals indicates that most of the multiple crossings were due to a 
wave-like surface disturbance moving tailward along the magnetopause. 

We modeled the wave, which was aperiodic, as a sequence of sine waves 
with amplitude A^, wavelength , and speed . These quantities wt 
determinea for two pairs of Intervals from the measured slopes, occurrence 
times, and relative positions of six magnetopause crossings. The 
average amplitude was A ■ 2100 wavelengths were on 

the order of 47,0001*^21000^* wave speed was approximately 

340*^^5km/s, and typical periods were in the neighborhood of 170 + 60 sec. 
The magnetopause thickness was estimated to lie in the range 300 to 700 km 
with higher values possible. 

The estimated amplitude of these waves was obviously small com- 
pared to their wavelengths; this conclusion is independent of any 
bulk normal motion of the magnetopause that might have been present. 



1. INTRODUCTION 


Karth orbiting apacecratt moving from the magnetosphere to the magnetos* 
heath (or vice versa) have often observed multiple, "discontinuous", trans* 
itions in the magnetic field, each with the characteristics of magnetosheath 
fields on one side and magnetosphere fields on the other side. There are 
three classes of interpretations of such multiple transitions. One is that the 
Tnultlple transitions are due to the motion of a single discontinuity 
(magnetopause) back and forth across the spacecraft (Willis, 1971; Fairfield, 
1978). This could be due to bulk displacements of the magnetopause caused by 
changes in upstream conditions, to tailward propagating waves (e.g., generated 
by a Kelvln-Helmholz instability (Southwood, 1968), or to a disturbance 
converted tailward by irregularities in the magnetosheath flow. Another 
class of Interpretations of multiple magnetopause transitions is that they 
are due to a ciMnplex, quas i- stationary structure resulting from the penetration 
of sharply bounded filaments of raagnetosheath plasma into the outer magnetos- 
phere (I.emalre and Roth, 1978). General ly, one can always construct such a 
configuration which will describe observations from Just one spacecraft, but 
such constructions may be complex, arbitrary, and non-unique. Based on data 
from n dual spacecraft mission (ISEL"i find 2 ) the third class is one in 
which the transition zone is viewed, during periods of southward 
magnetosheath magnetic fields, as being composed of rlpped-off magnetospheric 
flux tubes, possibly Implying sporadic field reconnection (Russell and Elphic, 
1978). 

In some multiple magnetopause tiansitions, an oscillation of the normal 
for each successive discontinuity is observed (e.g. alternately inclined 
tailward or sunward from the mean direction) with a particular phase corres- 
ponding to entry or exit from the magnetosphere(sunward- inclined when the 

spacecraft moves from the magnetosphere to the magnetosheath and tailward 
for the opposite situation.) 
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Thia type of imiltlple trenaitlon ia moat almply explained aa mul- 
tiple croaainga of a diacontlnuoua inagnetopauae due to a tallward moving 
wave-1 Ike dlaturbance on the inagnetopauae (Kaufman and Konradi, 1969; 
Auhty et al., 19711. Auhry et al. (1971) observed auch a dlaturbance 
on OGO - b. Aaaumlug titat the dlatJrl>ance was a wave moving tallward 
lelaLlve to the earth at a speed ■ 500 km/s, they determined ttiat the 
wavelength was -'3t>0U km (-<0.32 R^) and that Its thickness was —140 km 
(—2 Lannur radii). Tliey could not determine the amplitude of the wave, 
lodly (1971) aivJ Fairfield (197b ) carried out similar analyses for 
other magnetopause crossings. Again, their results depend on an assumed 
wave speed, and they were unable to determine the wave amplitude. 

Hclaer et sL. (1966) interpreted multiple magnetopause crossings 
observed by OGO as the result oi large-scale "normal" motions of a 
dlscotitinuous magnetopause, toward and away from the average magnetopause 
position. Taking the oscillation amplitude to be one half of the radial 
distance between the first and last crossing and using the observed times 
between the crossings, they estimated that the speed of the magnetopause 
ucrnal to the average magnetopauae direction war « 10 kra/s. 

Hove and Siscoe (1972) estimated chat at the lunar orbit the magnetopause 
moves with a speed in the range 10 to 20 km/s with an amplitude of 

1 to 2 Rp on the dawn side at periods of 17 min. Their model does not 
consider the possibility of a wave moving tallward, and such a model 
cannot explain an oscillation of the magnetopause normals. 

In general, both small-scale tallward moving disturbances on the 
magnetopause and large-scale nornuil motions of the magnetopause can occur. 
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Earth-orbiting spacecraft move at a speed of a few ka/s relative to the 
average magnetopause position, which Is significantly less than V„ ; 

Nfl^) 

such spacecraft cannot separate normal magnetopause motions from tangential 

(tallward) wave root Iona. Voyager 1 moved through the magnetopause at a 

high normal speed, 9.2 km/s, which is probably greater than or comparable 

to V . Thua, the effect of normal motions is much smaller at Voyager 1 
Nmp 

than at earth orbiting spacecraft, and Voyager I's observations of sultiple 
crossings provide a better opportunity to study the small scale tallward 
moving disturbance. It will be shown that although the normal motions are 
not negligible, one can obtain a good estimate of the wave amplitude, 
wavelength and wave speed from the Voyager 1 data. 
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2 . CHARACTKRISTICS OF THE VOYAGER I ^UC.NETOPAUSE CROSSINGS 


Fiftur* 1 shows the msgnctlc field observstions msde by Voyager 1 as It 

passed through the magnetopause between 1626:27 and 1645:26 on launch day, 

September 5, 1977. Hie position of '.he spacecraft was (~2.6, -16.5, 1.1) 

(earth radii) in CSE coordinates, and the spacecraft speed was 10.6km/s. 

(Also see Figures 1 and 2 of Lanaerotti et al., 1979, for the trajectory and an 

alternate view of the field observations.) The plasma science instrument was 

not yet turned on. Seven nearly discontinuous transitions in the magnetic 

field were observed, with the cliaracteristics of magnetoaheath fields on one 

side (-<10> intensity +2y variability, based on 2a of pre-or post-48 s averages 

for all seven crossings) and the characteristics of magnet sphere fields on 

the other side (-'27y intensity, +8y variability). Notice that both B and 

are distinctly negative in the magnetosphere, positive in the magnetoaheath, 

and usually of mixed sign in the transition rones. The center tiroes of each 

transition (T ), durations of the transition (AT), and the change In magnetic 
c 

field direction across each transition (u>) are given in Table 1. 

A minimum variance (MV) analysis (Sonnerup and Cahill, 1967; and see 
Burlaga et al., 1977) was applied to the magnetic field measurements in each 
transition, which were made every 60ms. The minimum variance analysis yields 
the following parameters for each transition: a measure of the extent to 

wlilch the magnetic vectors lie near a plane ratio 

of the Intermediate eigenvalue to the minimum eigenvalue); the direction 
of the normal to the minimum variance plane (longitude, XI and latitude, 
and the KMS of the component of B normal to the MV plane (RMS } bJ). 

The results of the minimum variance analysis of the Voyager magnetopause 
transitions are given in Tables 1 and 2. These are the basis of the dis- 
cussion that follows. 

The nature of the magnetopause transitions was that of a tangential 
discontinuity (TD). Tills is revealed in three ways. First, the angle R between 
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the minliaua variance plane normal and the average field direction la cloae 
to ninety degreca (aee Table 1), l.e., the magnetic field vectora are all 
nearly parallel to the minimum variance plane. The I 9 uncertaintiea in 
6 * were computed aa a function of y,, g. and > 2 ^X 3 walng the reaulta of the 
error study by Lepping and Behannon (1979). Table 1 ahowa that within 
the uncertaintiea given by g is consistent with 90* in all cases ex- 
cept possibly crossings 5 and 7. Also the ratio of RMS to the average 

field intensity <B> is unusually small (between 0.05 and 0.15 except for 
crossing 7) and consistent with tero within the experimental errors as it 
should be for well -determined discontinuity normals. Crossing 7 had the 
most poorly determined normal (Ag ■ 10*) and the largest RMS because 

the magnetic ti*lds in the transition varied Irregularly in three dimensions. 
Second, the minimum variance normals (\ , A ) were found to be comparable 

with those computed from the magnetic fields before and after each transition, 

^ B X B 

using the formula for a TD, vis. n ■ (•x , « ) ■ 1 2 , This is shown 

'<=>■ IITTTJI 

in Table 2. Finally, the average magnetopause transition normal (<Xg,y> ** 

115®, • 10* *nd “ 118*, < 5 > " -2*) was found to be essentially 

the same as the .nodel magnetopause normal (Xj^P • 117*, " 0) computed 

by fitting a hyperbola to the positions of hundreds of magnetopause crossings 

observed by esrth-orbiting spacecraft (Fairfield, 1971). The quantities 

in Table 2 are defined by 9 ^^ 5 where ■ 116* is the average 

of <• .,> and We conclude that the magnetopause transitions observed 

.nV MOD 

by Voyager 1 can be regarded as tangential discontinuities 
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whove well determined normaU Inclined with respect to 

the unperturbed magnetepause nornuil by 1*1,...7, In the ecliptic 
plane. 

The simplest Interpretation of the multiple magnetopause transitions 
observed by Voyager 1 1» tliat they were due to a wave-llke disturbance 
moving tJllward along the unperturbed magnetopause direction. In other 
words, the magnetopause at this time may be regarded as a single 
surface which had an irregular profile that moved "tallward" with- 
out much distortion (See Figure 1). The evidence supporting this view 
is the oscillation of the magnetopause normal direction on successive 

crossings: that A is greater than average for odd numbered crossings 

nV 

and sukiller than average for even numbered crossings (Table 2 ). The 
larger than average direction of A ("sunward" olrected normals") on the odd 
numbered crossings Is consistent with the fact that the spacecraft moved 
from the magnetosphere to the magnetosheath on odd numbered crossings 
(See Figure 2).. We cannot exclude the possibility that there were also 
bulk motions of the magnetopause toward and/or away from the earth. 

In fact, the relatively long Intervals between crossings 3 and 4 and 
between crossings 4 and 5 may be the result of bulk motions. However, 
the presence of such motions Joes not exclude the presence of a tallward 
moving disturbance as well, and bulk motions alone would not explain the 
oscillations in A 

MV 
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3. A MODEL FOR DESCRIBING QUASI - PERIODIC FLUCTUATIONS 


Uc assume that the multiple magnetopause crossings observed by 
Voyager 1 were due to a tallward moving, quasl-perlodlc wave train, 
and wr aeek to estimate the "amplitude", "wavelength", "speed", and "period" 
of the fluctuations. There Is no unique way to fit the observations. 

Our approach Is to formulate a model which gives a closed set of re- 
lationships between the characteristics of the fluctuations (amplitude, 
wavelength, and speed) and the measured quantities (time Intervals be- 
tween successive Intercepts of the wave, the slope of the magneiopause 
surface at each crossing (tan 0 ^, and the observer's (spacecraft) 
velocity relative to the undisturbed magnetopause). The model Is 
genera], and its application Is not restricted to magnetopause obser- 
vations. 

The model is based on seven defining characteristics: 

o 

1. It Is 2-dlmenslonal, i.e. 9*0 for all normals 
and all latitudinal changes are zero. 

2. Between tiro successive crossings of the wave, the 
surface has the form: 

y - A cos (k X •♦•€) , 

where A,k, and r. can be different for successive 
pairs of crossings; t normal to the unperturbed 
magnetopause surface an ^ is parallel to that surface 
and to the ecliptic plane. 

3. The speed of the wave between two successive crossings 
a and b Is the same as that for crossings b and c, where 
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c follow* b 


4. There i* tio bulk notion of the lurfece in the y direction. 

5. An "obeerver" nove* et a constant velocity relative to 
Earth in the (x,y) plane over the period between a and c. 

6. The uagnetopauae thickness is smaller than the amplitude 
of the wave. 

7. bocal curvature of unperturbed magnetopause is negligable. 

Thus, for each set of three successive crossings the data arc fitted 
to two sinusoids using the measured times and slopes of each of the 
crossings anti the known (constant) velocity of the observer. 

The specific equations of the model are the following. 

Between points a and b (sew Figure 2) 

yj - A’ cos (V AVtj -h ,') (1) 


tan dj ■ ^ * "A* k' sin ( k' ^Vt^ + j'), i - a,b., (2] 

dx 

where we set - (V^ - V^) t i^t > 0), O; 

V being the wave's speed and V the x component (tangential to magnetopause) 
w T 

of the observer 'a speed. Likewise, between points b and c, 

y^ • A cos (k^Vtj + e) (4; 

tan 9 ^ - -Akaln (kA Vt^^ + «)• ^ (5' 

where we have used the assumption that the wave speed between a and b 
is the same as that between b and c. The positions y^ are not measured 
dl' ictly, but they are given by the equations 


•''n 'l '’o 


1 ■■ a, b, c. 


where V ->0 is the speed of the observer in the -y direction (normal to 

magnetopause). One may take t ^ * 0 at point a, in which case y^ ■ y^, 

y. ■ -V„ t, + y , and y ■ -V t + y » where V„, t. , and t art known (7s,b,c) 

^b N b o ■'c N c N’ b c 

quantities. 

Evaluating (1) and (2) at points a and b with y^ given by (6) gives, 

e 


respectively. 



y ^ A' cos e* 

■'o 

(8) 


tan -A'k' sin e' 

(9) 


y^- Vjj tj^ * A' cos (3 + e') 

(10) 


tan <9^* -A'k' sin (8 + e')» 

(11) 

where 

6 Ek' AVt^ 

(12) 

Similarly, 

ovalustlng (4) and (5) at points b and 

c with given by (6) 

gives 

V - V t. “ A cos (a + E) 
N b 

(13) 


tan 0^* -Ak sin (a + e) 

(14) 


V - V„t * A cos (pa + c) 

(15) 


tan9^» -Ak sin (pa + e) , 

(16) 

where 

a EkAVt 

b 

(17) 

and 

P = 

(18) 


Equations (8)- (12) and (13)- (18) are eight Independent equetione 

in terma of the 8 unknowns k, k' , A, A',e, e', AV, andy . 1 Equations (12). 

1 

(17) and (18) are defining equations used for simplification only.J The 


problem of describing the wave trains has thus been reduced to the problem 
of solving these equations in terms of the measured values of (9^ » » 0^ , t^ 


t^, and Vjj. 

Equations 8-18 may be combined to give a transendental equation of 

\|[£ if 

the form T(6) = 0, vie T(B)=5 + 6 sin 6 (1-Q cos* ) » 0 (19) 

P-1 ° 

where: 
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( 21 ) 


E » [p (G^ 1) - gJ co*b 4 I - p (G^ -f 1) 


Q 


o 


a 


tan 

tan Aj, 


and 


G 

o 


t.n 


<2J) 


(25) 


Tha aolutlon of (19) provides a unique root g ■ for 0«:g< 360*, and 
a 1a given by (20), via. 

a - VBp) (24) 

Given Qt and g^, one can solve for the eight basic unknowns using the 
following eight equations, which were derived from equatlonsv'S) through (18) 


/ 1 - G cos e \ 

Xo - ^ 2 !£/ 

\l - cos B / 


''n S 


C + I 
o 


C' ■ tan 




I - G^ cos g 


sin p a - Q «ln « ^ 

€ ■ tan / 1 

' cos a • CO* Pa j 


(25) 


(26) 


(27) 


A'-y /cos <:* (28) 

o 

"N'b <'=“• • <=<■> 

A 

(G + 1) (1 - cos p ) cos (a €) (29) 

o o 

- 2 n/k' - -2n A' sin <:*/tan (30) 

\ ■ 2Tr/k - Bj,\'/a (31) 


10 



( 32 ) 


AV - V 

“ w 



The wtvelength and amplitude are better determined when there la a 
larger phaae aeparation between the aucceaalve wave Intercepta. Thua, 

It la meaningful to define a weighted average wavelength and amplitude for 
each Set, via., 


, . « \ 

'e 


and A 

e 


(JA + A' 

5t 


(33) 

(34) 


where ^ b j(p <y + 6) " (a + €) | - |(P - 1) cri (35) 

- 1(8 + ^:') - €'| - |b| (36) 

“•'d ~ (t ^ <t' (37) 
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ii- application of the MODKL to the voyager 1 MAGNETOPAUSE OBSE1VATM3NS 


Til* x-y components of the Voysger 1 velocity In earth*centered solar 
ecliptic coordinates were (-0.734, -10.6) km/s at the mid-point tima of the 
maKnetopause crosslnRS (1634 UT on September 5, 1977). The spacecraft 
velocity in the (x,y) coordinate system is (V.j.*Vj^) where V^j ■ 9;2km/s 
(outward) and " 5.3km/s ("tailward") . The times of the magnetopause 
crossings are given in Table 1. The slope (tan^)of the magnetopause at 
each crossing is given in Table 2. This set of numbers provides the 
necessary inputs for the model described in the previous section. In 
fitting the first three crossings (1, 2, 3 : Set I) we chose the origin 
such that X ■ 0 at crossing 1 (point a), and we chose y pointing 

A. 

toward the earth" and x anti -^'tailward" as shown in Figures 2 and 3. 

For the last three crossings(3,6,7; Set II) we chose the origin such 
that x ■ 0 at crossing 7 (point a), and we chose y pointing "away 
from earth" and x pointing "tailward". The Inversion of the signs of 
X and ^ is equivalent to rotating the coordinate system by 180^ with 
respect to the wave. In this "rotated" coordinate system the slopes and 
time intervals between crossings for Set II resemble those for Set I. 

This choice of coordinates was convenient for the numerical computations. 

Solving (19) and (24)-(32) for Sets I and II gave the wave 
characteristics listed in Table 3. Note ’’hat for both Sets I and II 
X > \ ' , A-^A', and c > c'; this is a consequence of our choice of 

coordinate systems. The wave profiles (i.e. , the shape of the 
disturbed magnetopause in the wave trame) were computed for Sets I and II 
using (1) and (4) with the values of A, A'.X ,X',r , c', &V, and y^ 
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given In Table 3; they are plotted in Figure 3» Set III will be dis- 

cuased below(error section). Qualitatively, tluree basic results are 

apparent in Figure 3 ®»d in Table 3: The amplitudes of the perturbations 

are nearly all the came ~ 2,000iun; 2) The wavelengths are variable, i. e., 

the perturbations are not strictly periodic; and 3) the emplltudes 

are much smaller than the wavelengths. It la significant that 

the results for Set I are similar to those for the independent Set II, 

for it indicates tlat the numbers are in some sense representative of 

waves on the magnetopause. The only marked difference between the results for 

Sets I and II la in V^. Probably the value 507km/s for Set I is 

more accurate tlian the value 170km/s for Set II, since the uncertainty 

in the slope of crossing 7 in Sot II is relatively large. 

For Sets I and II respectively, the average amplitudes, A^, are 
2,100^^^^km and 2,000^^®°^km; the average wavelengths.Xg.are 57,000^^*Q^^km 
and 37,000'*^^®’'^kjn } and the ratios \ /A are I 9 and 26. The wave speeds 
for Sets I and II are 510 ^^^km/s and 170^^^^km/s, respectively . The 
error estimates will be derived In the next section. 

The periods \ /V are 113 s and 221 s for Sets I snd II, 

respectively. These are ryplcal of the longer period mlcropulsatlona 
observed at the earth's surface (pc 4,5). Disturbances on the mag- 
netopause have been suggested as a possl! e source of hydromatlc waves 
responsible for these micropulsations (Nlshlda, 1978). Notice that for 
Set T t^/x^ ■ 0.973 is approximately the same as ^/360* ■ 0.964; this 

Is because t /x Is that fraction of the composite wave which Is between 
c e 

a and c. Similarly for Set II ■ 0.941 is approximately equal 

to 0/36O» - 0.911. 
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sine* i^(p/2 A« «nd R|>fp/Xe •ignlflcantly greater than unity for 
bo^h sets, our asaumption that the nominal nugnetopauae in the model 
waa locally curvature free ia found to be Juatified. The wave la 
clearly a small or moderate amplitude wave, aince >^/(4A^) ia 
approximately 6. Nevertheleas, auch a wave may play a role in the 
tranamiasiori of atreaa from the aolar wind to the earth* a geomagnetic 
tail. 


14 


■p. KKKOH tUlTlMATKJ 


The estimated values quoted in the previous section have two dis- 
tinct types oi’ errors: 

1. Errors due to uncertainties in the measured times and 
slopes of the magnetopause crossings, and 

2. systematic errors due to normal motions of the mag- 
netopause. 

To estimate the effects of measurement errors on V , A, and r, 

w 

we applied the model for various values of the parameters 9^, 9^, 9^, 

and p7t /t^ consistent with the "observed" values within the estimated 

errors. Specifically, 9^, 9^^, 9^, and p were varied with respect to the 

average valvas of Sets I and 17. : <9i> ■ (91^ + blj^^)/2, i > a, b, c, 

and <p-> » <t >/<rt.>, wtiere <t > ■ (t, •* t, )/2, i ■ a, b, c. These 
c b ^ i 4 hi 

averages are <0g> * l8 , <9^> ■ -5, ‘^0g> * * 1.66, and 

<t^> ■ 96 3. 9j^ were varied by + 1^^, 2. 2°, and _+ 3° with respect to the 
average values for i «a, b, c, respectively. The results are shown in 
Table 4 , 

The uncertainties in V^, \, and A (l.e., the resulting variations) 

should be associated with the deviations from the mean of V , \ , and 

e e 

A^ in Table J. We distinguish mean deviations of values greater than 

the average and of values less than the average. Excluding case which 

is discussed below, we find characteristic uncertainties to be: 

+30, 000km 

* -12,000km 


AA 


+3,8O0km 

-S40km 
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. +2lOkm/t 
-lOOkm/* 

Th« values of A , \ . and for case 5 are clearly out of line with 
Che values for the other cases In Table 4. The value of is comparable 

to Che distance from the magnetopause to earth, and the value of la 
comparable to the slse of Che magnetosphere. Obviously the model breaks 
down under these circumstances and consequently the error estimate Is mean- 
ingless In this case. It does show, however, that the results of our model can 
be very sensitive to the slopes that are being fitted. 

Motions of the magnetopause normal to Its average position clearly 
did take place during Che Voyager 1 passage. This Is implied by Figure 
3 where the spacecraft was near the maximum of the perturbation hs it entered 
the magnetosheach on crossing 3 but near the minimum of the perturbation on 
crossing 5, l.e. the minimum of the perturbations between crossings 5, 6, 

7 was higher than Che maximum of the pertut-. stions between crossings 1, 2, 

3. T.arge normal motions are also suggested by the relatively long times 
between crossings 3 and 4 and between 4 and 5. (5 min to 10 min, see Table 
1) wiiich lead to peculiar values of wave characteristics when the model 
is applied to crossings 3, 4, 5, (Set III, Table 3). This time scale 

is comparable to the eigen period of the geomagnetic tall, and It Is 

close to the "short" period oscillation observed by Howe and Siscoe 
(1972). 
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We believe our model la not applicable to Set III due to the normal 

magnetopauae motion, both poaitive and negative, between croaainga 3 and 

5. It ia likely that poinCa 3, 4, and 5 are not of the aame cycle 

of the "wave" because of the normal motion. It ia also interesting that 

Seta I and II differ in the latitudes of their normals, ^ (Table 2), but 

are internally consistant with crossing 4 again appearing out of place. 

This change in average f, from Set T to Set II might indicate also that 

a third motion, transverse to the tailward moving disturbance, ia taking 

place, at least during this interval; notice that 6^^ - 5^ la for 

both 6 and $ . Our model, of course, ia concerned only with the 

mp cp 

ecliptic plane component of the disturbance, but in actuality the 
disturbance could have been a complicated 3-dlmensional one. 

It is possible to estimate the uncertaintlties due to normal motions 
(or latitudinal motions masquerading as normal motions) of the magnetopause, 
which were neglected in our model. A uniform motion from the position of 
y • 0 for Set I to the position of y • 0 for Set II implies a normal speed 
of ^5km/s with respect to earth, or ^km/s with respect to Voyager 1. 

A large earthward motion of the magnetopause between crossings 3 and 4 
and a large excursion in the opposite direction between crossings 4 and 5 
would imply normal speeds >l5kra/s with respect to earth at some time between 
points 3 and 5. One could explain the intervals between crossings 1-2, 

2-3, 5-6, 6-7 as entirely the result of a normal motion rather than a wave 
motion, if the normal speed of the magnetopause were ~10km/s. Similar 
normal speeds were derived by Holser et al.(1966), Williams, (1978), 



Rusaell and Plphlc (1978), and Howe and Slacoa (1972), but the normal 
motion would not account for the obaerved oaclllatlona of the normala. 
Purely normal motlona would imply no change in the normal dlrectlona 
from one croaaing to the next, which ia not obaerved, even after normal 
error cone anglea AQ* are conaidered. Thua, the queation ia. What 
effect would a normal motion have on our determination of the wave 
characteriatica? 

Since our equationa were formulated in the wave frame with reapect 

to an unperturbed roagnetopauae, the effect of motlona of the unperturbed 

magnetopauae can be repreaented by replacing (the component of the 

apacei. raft speed along the average magnetopauae normal, relative to 

earth) by V„ - V„ , where V.. ia t.ie apeed of the magnetopauae in 
N Nmp Nmp 

/ie direction normal to the average magnetopauae. The equationa for 
cr, 8i f' «nd f ( (19), (24), (26) and (27) ) are independent of ao 
thoae quantities are not affected by normal motlona of the magnetopauae. 
The other quantities, y^. A', A, \, and AV**V^, (l.e. all the 
quantities which contain a dimension of a length) are directly pro- 
portioned to (see (25), (28), (29), (30), (31), and (32) ). Thua, 
if the magnetopause were moving away from the earth at one half the 
spacecraft speed (l.e. 5 km/s), tben y^. A', A, X, and Av would 

be one half the values given in Table 4; the shape of the disturbances 
shown in Figure 3 would not change, but the x, y scales would be reduced 
by a factor of 2. The ratios A'/^' and A/X are Independent or cue 
magnetopause motion, so our conclusion that the perturbations are of 
small amplitudes is rather general. 
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Magnatopam* Thlckn«i« 


If our assumption that normal bulk motion of tha magnatopauaa is 
n«»;ligible over the Interval through croaalngs 1 to 3, inclualve, and 
likewise through croaainga 5 to 7, inclualve, then the results of 
applying our model to Sets I and II provide us with sufficient knowledge 
to •ftimate the magnetopause thickness for each of the six crossings 
quasi-independently. From straight- forward geometrical considerations 
the thickness, D, is given by 


D - I at [(V^ - V^) sin ft + SOS ft] | (38) 

for each crossing. The quantity aT is given in Table 1. Computation of 
D for the six crossings using Equation (39) yields results shown in 
Table 5; also given are aT and A°« The latter quantities are useful in 
assessing the quality of the estimation. Notice for instance that 
crossings I and 7 yield thicknesses far in excess of the others. Zt 
is not too surprising chat this is the case for crossing 7, since AT^ 
and (because of large were poorly known. This fact obviously 

weakens our confidence in all of the parameters associated with Set II, 
as stated earlier, but apparently estimating the thickness is crucially 
sensitive to errors in Che magnetopause normal. Also Che scatter in 
D is due in part to some violation of the assumption that there was no 
normal bulk motion of the magnetopause over Sets I and II; we know that 
such motion must have occurred between these sets and also clearly was 
responsible for the beginning and end times of Set I, for example. It 
is further not unreasonable to expect that the magnetopause current 
layer is in actuality ten?)orally variable in thickness, especially in light 
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of aurface wavo and bulk motion. Tha averaga thlcknaaa for croaalnga 
2, 3, 5, and 6 ia 450 km (with a ■ 260 km), which ia in agreamant with 
tha lower aatlmationa of thia parameter by Ruaaall and Flphic (1978) 
derived from ISEE-1 and *2 apacecraft meaauremanta when tha apacecraft 
were nearer the noae of the magnetoaphere (local timea 1000 to 1200): 

D~ 500 to 1000 km. Their thickneaa eatimationa ahowed a correlation 
with the aenae of the magnetoaheath such that -northward was 

aaaociated with the thicker boundariea and B -aouthward with thinner 

a 

onea, but with great variability. (Alao aee Elphic and Ruaaell, 1978. ) 
Recall ( Flfnire 1^) that B (or B ) waa clearly "northward" for both 
Seta I and II. However, our thickneaa eatimatea for moat caaea indicate 
the thinner end of the Ruaael-Elphic range. 
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6. SITMARY AND CONCLUSION 


Voyager I magnetic firld obaarv.itlona of the earth* a magnetopauae 
on launch diy revealed an oaclllatory nature In the attitude of ita 
local normal in the ecliptic plane for seven croaaings over an interval 
of mt 20 min. 

The surface normals were determined by use of a minimum variance 
method applied to the transition magnetic field sampled every 60 ms. 

The method is that described by Sonnerup and Cahill (1967 ). Error cones 
were estimated for the normals according to a technique developed by Lepping 
and Behannon(1979). Magnetopause surface waves were assumed present and 
modeled in terms of sequential sinusoids. The model depends only on estimates 
of vave slopes and temporal separations of crossings. 

Due to the relatively large errors in the estimated wave slopes com- 
pared to the angles between the longitudes of adjacent normals, the re- 
sulting wave properties have rather large uncertainties. The results may 
realistically be considered or<ier-of-magnitude estimates, which are: 

w 2000km, w 50,000km, and ^40km/sec, with being best determined 

and A being worst determined; also t w 170 s. The characteristic period, , 
e « e 

is typical of those of pc 4,5 micropulsations which have been suggested as 
due to magnetopause surface waves. The phase wave speed, V^, is not incon- 
sistent with what one expects If the mechanism producing the waves is the 

_ -3 

Kelvin-Helmholts instsblllty. In this case (for V - 440km/ sec, N ■ 3*3 c® 

8W * 3 w 

and ^ lOy) the wave speed, which Is characteristically the sum of the 
sn 

local magnetosheath and Alfvdn speeds, would be -^701011/8, close to m ^lOkm/s 

fer Set I (the first three crossings), where V and N were adjusted to 

sw sw 
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probable magnetosheath values according to Spreiter et al., 1968. There 
are indications that the magnetopause thickness, D, is very variable 
under the conditions observed, but in any case D vas for most crossings 
poorly estimated: 300 km 700 km with higher values possible. The 

relatively high speed of the Voyager 1 spacecraft (n^lkm/sec) at the 
time of the magnetopause crossings made possible the estimations 
performed here in that the normal speed of the boundary was apparently 
less than the normal spacecraft velocity for most of the seven crossings 
(i.e., except between points 3 and 5), and possibly much less. For a 
much lower spacecraft speed (say l-2km/sec, as for IMF's 6,7,8, for 
example) deconvolution of wave and bulk speeds for a single spacecraft 
study would be exceedingly difficult or Impossible. If Voyager had been 
much faster, possibly only one crossing would have been encountered and 
no realistic modeling possible. Our conclusion that the amplitude of 
the wave is small compared to its wavelength is independent of any bulk 
normal motions of the magnetopause that might have been present. 
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TABLE 1 

Voyager 1 Magnetopause Crossings, September 5, 1978, hour 16 


Grossing 

Center 

Time (T ) 
c 

m:s 

~T ~ ■ ■ 

1 Duration 
AT (sec) 
— 


e 

1 

1 46 

T 

<S>(7) 

1 .RMSfEnf 
1 <dB> 

1 

' X2^3 
1 

1 

26:45 

56 

56“ 

0 

00 

3" 1 

21.8 

0.07 

4.1 

2 

27:55 

38 

00 

o 

o 

e 

00 

4" 

13.0 

0.15 

2.8 

3 

28:35 

10 

73" 

o 

o 

1" 

19.0 

0.05 

6.6 

4 

33:58 

20 

139" 

00 

00 

o 

1" 

19.7 

0.07 

13.9 

5 

42:44 

58 

O 

00 

84" 

1" 

22.5 

0.05 

14.4 

6 

44:10 

28 

124" 

84" 

3“ 

15.2 

0.06 

4.6 

7 

46:12? 

90? 

o 

0 

66" 

o 

o 

20.2 

0.20 

2.6 


TABLE 2 


Magnetopause Normals* 


Crossing 

^MV,i 

*cp,i 

^iV.i 

®cp.l 

Oi 

tanO^ 

1 

129" 

123" 

-5" 

-18" 

13" 

0.231 

2 

113" 

120" 

-3" 

-17" 

-3" 

-0.0524 

3 

117" 

121" 

-6" 

-17" 

1" 

0.0175 

4 

80" 

95" 

42" 

32" 

-36" 

-0.727 

5 

117" 

118" 

13" 

3" 

1" 

0.0175 

6 

109" 

119" 

15" 

3“ 

-7" 

-0.123 

7 

139" 

130" 

17" 

3* 

23" 

0.424 

Average 

115" 

118" 

10" 

-20 



Model : 


>-117" 

6-0" 




* The 

longitude (\) 

and latitude (5) 

angles are 

given in spacecraft 


centered heliographic coordinates, y (0* to 360*) is measured 
counterclockwise in a olane p-rallel to the sun's equator plane 
and is rero antlsunward; 5 (-90*to +90") is t’he Inclination with 
respect to this plane, position "northward". To a very good 
approximation > ■CpgJSO* for smalls for the time interval of 
this data set. 





TABLE 3 

Disturbance Characteriatlca 



Set : 

Set II 


Set III 

Crossing Number 

1.2,3 

5.6.7 


3.4.5 

1 

a (deR) 

77 

74 


150 

B (deg) 

303 

276 


91 

A (lo\m) 

2.5 

2.6 


31.1 

A' (lO^km) 

2.1 

1.9 


4.8 

E 

O 

160 

97 


25.5 

X* (lO^km) 

42 

26 


42 

e (d**g) 

69 

60 


-60 

c' (deg) 

-133 

-111 


-1 

y ^ (lo\m) 

-1.4 

-0.7 


4.8 

(km/s) 

510 

170 

340 

26 

^ (deg) 

347 

328 


183 

(lO^km) 

2.1 

2.0 

2.1 

18 

X* (lO^km) 

57 

37 

47 

34 

Tg (sec) 

110 

220 

170 

1300 

Xe/<^e> 

6.7 

4.7 

5.7 

0.5 


25 

27 

26 

3.0 


3.7 

5.7 

4.7 

6.3 


*R (-lb.? Rg) Is the distance from the earth's center to the magnetopause at 

mid-point crossing (1634 UT) 





TABLE 4 


SIMUIATED PARAMETER VARIATIONS: ERROR STUDY 

- 5.3 km/s; = 9.2 km/s; - 96 s 


Case No 

Ave. 

I + II 

1 

2 

3 

4 

5 

3' 

4" 

p 




1 ft/; _ 






\ 






1.5 

1*8 

6 a 

00 

o 

O 

CM 

0 

21 “ 

15“ 

21 “ 

21 “ 

15“ 

9b 

5" 

30 

7“ 

3“ 

7“ 

3“ 

3“ 

7“ 

0c 

1 “ 

0 “ 

0 “ 

1 “ 

1 “ 

2 “ 

I- 

1 “ 

A' (lO^km) 

1.8 

3.4 

0.9 

6.6 

1.0 

23 

6.7 

1.0 

A (lO^km) 

23 

4.0 

1.4 

7.2 

1.5 

24 

7.2 

1.6 

X' ( 10 \m) 

30 

38 

20 

54 

23 

100 

55 

22 

X (lO^km) 

110 

250 

57 

360 

60 

840 

310 

67 


334“ 

344“ 

291“ 

358“ 

302” 

370“ 

355“ 

305“ 

(km/s) 

250 

350 

140 

520 

160 

1000 

520 

160 

Xg (lO^km) 

42 

57 

27 

82 

30 

160 

76 

32 

(lO^km) 

1.8 

3.5 

1.0 

6.7 

1.1 

23 

67 

1.1 

Tg ( s ) 

170 

165 

190 

160 

180 

150 

145 

200 


Table 5 

Magnetopause Thickness, D 


Crossing no. 

AT (sec) 

Error cone angle, 

D (km) 

1 

56 

3° 

6890 

2 

38 

4° 

658 

3 

10 

1° 

181 

5 

58 

1° 

692 

6 

28 

3° 

277 

7 

90 ? 

10° 

6250 * 









FIGURE CAPTIONS 


Figure 1 The megnitude (B), RMS devieCion (Pythegorean mean RMS of 
conponent RMS 'a based on 60 ms sacnples), and R, T, N cosiponenta 
of the magnetic field in 1.92 a average form. The spacecraft 
centered heliographic R, T, N coordinate aystem is defined by 

A 

(Also see the footnote of Table 2): R is radially away from 

the sui^ T is perpendicular to R and parallel to the sun s equator 

^ A A 

plane, and positive in sense of the sun's rotation, and N ■ R x T. 

The shaded regions are the magnetopause transition xcnea, 
denoted 1 to 7 at top. 

Figure 2 A schematic view of the magnetopause wave-like disturbance 
in a magnetopause reference frame; the spacecraft motion is 
shown with respect to a fixed wave. 

Figure 3 Pictorial results of the model calculations for Sets I and II. 
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ABSTRACT 


As Voyager 1 moved out of the davmslde of the Earth's magnetosphere 
at 163A UT on September 5, 1977 ^at position (-2.6, “15.5, 1.1) earth 
radii in GSeJ , it crossed the magnetopause apparently seven times, 
despite the high spacecraft speed of 11 km/sec. Normals to the magne- 
topause and their associated error cones were estimated for each of the 
crossings using a minimum variance analysis of the internal magnetic 
field. The oscillating nature of the ecliptic plane component of these 
normals indicates that most of the multiple crossings were due to a 
wave-like surface disturbance moving tailward along the magnetopause. 

We modeled the wave, which was aperiodic, as a sequence of sire waves 
with amplitude wavelength and speed . These quantities were 
determined for two pairs of intervals from the measured slopes, occurrence 
times, and relative positions of six magnetopause crossings. The 
average amplitude was A ■ 2100 wavelengths were on 

the order of 47,00ol’^2jo00*^"'* wave speed was approximately 

BAO'^^gjkm/s, and typical periods were in the neighborhood of 170 + 60 sec. 
The magnetopause thickness was estimated to lie in the range 300 to 700 km 
with higher values possible. 

Hie estimated amplitude of these waves was obviously small com- 
pared to their wavelengths; this conclusion is independent of any 
bulk normal motion of the magnetopause that might have been present. 



